Abstract Various forms of energy are used during a wastewater treatment process like electrical, manual, fuel, chemical etc. Most of the earlier studies have focused only on electrical energy intensity of large-scale centralized wastewater treatment plants (WWTPs). This paper presents a methodological framework for analysing manual, mechanical, chemical and electrical energy consumption in a small-scaled WWTP. The methodology has been demonstrated on a small-scale WWTP in an institutional area. Total energy intensity of the plant is 1.046 kWh/m 3 of wastewater treated. Electrical energy is only about half of the total energy consumption. Manual energy also has a significant share, which means that the small-scale treatment plants offer significant employment opportunities in newly industrializing countries and replaces fossil fuelbased energy with renewable. There is a lack of sufficient data in the literature for comparison, and few studies have reported values that vary significantly due to the difference in scale, scope of the study and the choice of the treatment technologies. Replication of similar studies and generation of data in this area will offer directions for decision on choice of the scale of wastewater treatment process from the considerations of energy and climate change mitigation strategies.
Introduction
The growing scarcity of water has increased the dependency of urban water system on energy, both for conveyance and treatment. Access to energy can become a hindrance to the sustainable urban cities causing both shortage of water resources and water pollution. In addition, with growing climate concerns, energy saving, energy efficiency and energy substitution have become a common development principle all over the world (Friedrich et al. 2008) . In this light, urban sanitation is a sector that can have substantial energy burden and can become important for power demand estimations in the coming years. This aspect is more important in developing countries where a huge gap exists between wastewater generation and treatment. In coming years, a large number of wastewater treatment-related infrastructure projects are expected to be implemented in these countries. So far, the main factors considered in decision making of such projects are the capital and operating costs, skills required for operation, and ease of technology adaptability under local conditions. Bringing energy considerations in such decision making will offer dual advantage of energy substitution and climate change mitigation which are vital ingredients of an eco-city development program (Mahgoub et al. 2010) . This aspect has an amplified relevance in countries, which are energy deficient.
In a wastewater treatment plant (WWTP), energy is used in the form of electrical, manual, chemical and petroleum.
A number of studies on energy analysis of a WWTP have considered only the electrical form of energy (Devi et al. 2007a; Hellstrom 1997; Jonasson 2007; Merlin and Lissolo 2010; Middlebrooks et al. 1981) . However, for exploring opportunities for energy efficiency and energy substitution, a detailed analysis of various forms of energy consumption is required. Such analysis should include share of various energy forms and energy intensity at various stages of treatment process. This paper presents an energy pattern analysis of a WWTP in an institutional area. More importantly, it demonstrates a methodological framework by which such studies can be replicated to generate data with respect to various scales of treatment and choice of treatment technology. This information will provide a sound basis for planning tools and answers to the growing debate of water-energy nexus, developing energy efficiency benchmarks for urban water sector and finding possibilities for the application of renewable energy to substitute conventional forms of energy.
Description of the study site
The WWTP is located at TERI University, which is in an institutional area at New Delhi, India. The plant has a design capacity of 25 m 3 /day and is operated for 12 h a day. The actual flow of wastewater during the study period is found to vary between 19 and 23 m 3 /day. Primary sources of wastewater are: hostel having 60 residents, administrative block of the University and a kitchen. The plant has been designed for reuse of water for non-potable applications. It uses physico-chemical treatment method using coagulants such as caustic soda and aluminium sulphate as primary treatment and filtration, adsorption and disinfection as tertiary treatment. Biological treatment based on rotating biological contactor (RBC) is used as secondary treatment. The dried sludge is used in a nearby horticulture park and the treated water for watering plants. Table 1 gives wastewater and treated water characteristics, and Fig. 1 shows the wastewater treatment scheme.
The treatment plant has the following units:
1. Sump tank: reinforced cement concrete, rectangular shape underground tank, size (3 9 2 9 2) m, having two submerged sludge pumps (one as standby) each of 0.75 kW motor for feeding raw wastewater. 2. PST: rectangular shaped MS tank, size (3 9 1 9 2.25) m, fitted with one SS turbine plate stirrer with 0.19 kW motor. 3. Chemical dosing tanks: three tanks each of 100 l capacity with total 3 dosing pumps (1 pump as standby) having 0.19 kW motor. 4. RBC: tank of size (2 9 0.8 9 0.8) m; discs fitted with a worm gear motor of 0.19 kW. 5. Disinfectant tanks: two tanks each of 100 l capacity with total 3 dosing pumps (1 pump as standby) having 0.19 kW motor. 6. SST: tank of size (3 9 1 9 2.25) m, fitted with SS turbine plate stirrer 0.19 kW motor and single stage monoblock recirculation pump of 0.38 kW. 7. Sand filter and carbon filter: 200 l capacity, fiberglass reinforced plastics (FRP) vessel with manual multiport valve. 8. Treated water tank: RCC rectangular, (3 9 2 9 2) m, having one centrifugal regenerating pump of 0.75 kW.
Methodology and data collection
Energy consumed during the treatment process is observed to be in the form of electrical, manual, chemical, and mechanical energy. Chemical energy can be considered as indirect energy, human or manual energy as renewable energy and others as non-renewable energy. Each form of energy consumption is calculated in terms of kWh/m 3 of wastewater treated. Primary data have been collected through field monitoring and corroborated with historical data through discussions with plant operators. Log-book and records of transactions and consumptions are also referred for validation. Field monitoring has been done for 15 days spread over 2 months during June-July, 2011. Equal representation of weekdays and weekends is considered for the monitoring days. Time measurement is done using a stopwatch.
Estimation of electrical energy input
The electrical energy input is estimated by considering the electrical load of the pump/motor (kW), time in hours (h) for which the motor is operated and total amount of wastewater treated (Eq. 1).
where, E p is the electrical energy kWh/m 3 , Q the total flow of wastewater in m 3 /day, P the rated power of the electrical motor in kilo Watt (kW), and T is the operation hours in a day (h/day).
The motor efficiency is assumed as 80 % (Fadare et al. 2010) . Table 2 shows the average of values as obtained in the field.
Estimation of manual energy input
Manual energy is required for different activities on field like operating the switches, opening/closing of the sludge valves, cleaning of the tanks, operating valves to remove the sludge from the tank and collection of sludge in gunny bags to send it to the nearby horticultural garden. Manual energy consumption is a function of the gender of the labor and the nature of activity (Table 3) . Based on these considerations, the manual energy is calculated using Eq. 2. The data of field observation (total no. of hours taken to perform the activity) of manual energy are given in Table 4 . In the study plant, no female labor is engaged.
where, E m is manual energy in kWh/m 3 , n the number of nature of activities (light, active, and heavy), m the number of gender (male, female), E the human power equivalent (kW), N the number of persons engaged in an activity and T is the total time devoted in the activity (h/day).
Estimation of fuel energy
Mechanical energy (E f ) in kWh/m 3 is calculated using Eq. (3) 
where, 15.64 is the unit energy value of diesel in kWh/l (Devi et al. 2007a) and D is the amount of diesel consumed in l/day. Diesel consumption is found to be 5 l/month for oiling and repairing of machineries.
Estimation of chemical energy
Energy is, energy released or absorbed during a chemical reaction. Chemical energy is calculated by estimating the standard enthalpy (heat) of reaction (DH) of the chemicals during a reaction.
Chemical energy (E c ) in kWh/m 3 is calculated using Eq. (4)
where, n is the number of moles (mol/day), 0.000278 is the conversion factor from KJ to kWh, DH p the enthalpy (heat) of formation of products (kJ/mol), and DH r is enthalpy (heat) of formation of reactants (kJ/mol). Table 5 shows the chemicals used and their respective quantities for treatment. Table 6 gives the assessment of energy consumption pattern in each treatment operation. In addition, the fuel energy (diesel) for entire treatment process is estimated at 0.036 kWh/m 3 . Therefore, the total energy consumption is 1.07 kWh/m 3 of wastewater treated. It is much less as compared to the value obtained in a WWTP in California, which was reported to be 1.69 kWh/m 3 excluding manual energy (Stokes and Horvath 2010) . There are certain findings that are significant from the point of view of energy planning. First, the electrical form of energy has the biggest share (52 %) of all the forms of energy consumed in the treatment process. However, this is only about half of the total energy consumption. Therefore, electrical energy is not the only form of energy that should be considered in the energy benchmarking exercise. Several studies (for e.g. Devi et al. 2007b; Jonasson 2007; Middlebrooks et al. 1981) have considered only the electrical energy and therefore their results do not present the complete energy scenario of a treatment process. The electrical energy consumption per cubic meter of wastewater treatment is found to be 0.80 kWh/m 3 . It is commensurate with the findings of several other studies on WWTPs. The values vary in the range of 0.26-0.84 kWh/m 3 (Venkatesh and Brattebo 2011; Pan et al. 2011; Friedrich et al. 2008) . The evidences from the literature suggest that the electrical energy consumption can vary by a factor of 1.6 depending upon the choice of the technology and the scale of operation. The major source of electrical energy consumption is in the pump house (79 %) where raw wastewater pumps and treated water pumps have a significant share. Biological treatment process consisting of RBC process consumes 11 % of the total electrical energy consumption.
Results and discussion
Second, manual form of energy has the second highest share (32 %) during the treatment process. Most of it is used for light work (45 %) followed by heavy work (39 %). Highest amount of manual energy (35 %) is consumed during the preparation of chemicals for dosing tank. 21 % of manual energy is used for removing the sludge from the sludge tank and disposing to the nearby garden. Looking to the energy pattern of manual energy, it is evident that this form of energy contributes to the total energy consumption and it is inevitable. Third, chemical energy and mechanical energy have insignificant share of 7 and 9 %, respectively.
Amongst the treatment processes, the raw water collection sump and primary settling tank consume maximum amount of energy (20 %). The energy used here is for pumping the raw water from the sump to the primary settling tank. The disinfectant tank, sand filter and carbon filter account for the least energy consumption. Primary settling tank, secondary settling tank and the treated water tank consume almost the same amount of energy. The treated water tank consumes (18 %) as the sump is made below the ground level and secondary settling tank consumes (17 %) electrical energy. Dosing tanks and the sludge storage tank consume the highest amount of manual energy of 31 and 21 %, respectively. The energy consumed here is for mixing and preparing the chemicals in dosing tanks and removing the dried sludge in gunny bags to the nearest horticulture garden. Primary settling tank uses the highest amount of chemical energy (79 %) for flocculation and coagulation. Direct energy has 91 % share and renewable energy has 12 %.
Conclusions
The energy pattern analysis of a small-scale WWTP has been analysed. The energy consumption is found to be about 1.046 kWh/m 3 of wastewater treatment. This is significantly less than the values reported in the literature for large-scale WWTP. Further, previous studies have not included manual energy consumption in their analysis. It is found to be about 32 % of the total energy consumption. There is a lot of variation in the reported values in the literature. The plausible reason is that the energy intensity depends on the capacity of the treatment plant, extent of automation, and choice of treatment technology. This suggests that a number of such investigations are required for various categories of treatment plants so as to have a holistic view on the wastewater treatment and energynexus. Based on the evidence of this study, it can be stated that the decentralized treatment systems have less energy intensity in comparison to a large-scale plant. This could be partly attributable to the use of manual energy in the treatment process in a small-scale plant. However, such a generalization needs to be supported with a number of analyses for various types of treatment processes and wastewater characterization in various regions of the world.
